Equal channel angular pressing (ECAP) is a viable forming procedure to extrude material by use of specially designed channel dies without a substantial change in geometry and to make an ultrafine grained material by imposing severe plastic deformation. Because the evolution of microstructures and the mechanical properties of the deformed material are directly related to the amount of plastic deformation, the understanding of the phenomenon associated with strain development is very important in the ECAP process. The plastic deformation behaviour during pressing is governed mainly by die geometry (channel sizes, a channel angle and corner angles), material properties (strength and hardening behaviour) and process variables (temperature, lubrication and deformation speed). There is a need for modelling techniques which may permit a wider study of the effects observed for better process control and the understanding of process related phenomena. In this study, we describe a range of our continuum modelling results of the ECAP process in order to illustrate the modelling applicability. Firstly, the finite element results of ECAP modelling for various geometric factors are described. Secondly, the inhomogeneous deformation due to the hardening property of the material is explained. Lastly, modelling the temperature field coupled with stress as a typical process variable in ECAP is presented.
Introduction
The evolution of microstructure of metallic materials during plastic deformation has been extensively studied over the last few decades. 1, 2) It is generally accepted that if metallic materials are deformed at room temperature, average subgrain/cell size decreases with strain. Hence, plastic deformation processing can be a possible method for grain refinement of metallic materials. In recent years, severe plastic deformation (SPD) process was developed by Russian scientists as a new method of manufacturing bulk specimens having ultrafine grained (UFG) microstructure. [3] [4] [5] [6] [7] The SPD processed materials show not only the unique physical and mechanical properties inherent in various UFG materials but also a number of advantages over nanostructured materials manufactured by other methods through powder processing.
Several methods of SPD processing, such as equal channel angular pressing (ECAP), [3] [4] [5] [6] high pressure torsion straining (HPT), 7) accumulated roll bonding (ARB), 8) multiple forging, 9) multipass coin-forging, 10) repetitive corrugation and straightening, 11) conshearing, 12) continuous confined strip shearing, 13) equal channel multi-angular pressing (EC-MAP) 14) etc., have been developed to process bulk materials with UFG microstructures. Among them, the ECAP process is so far the most viable forming procedure to extrude material by use of specially designed channel dies without a substantial change in geometry and to make an UFG material, see Fig. 1 . The properties of the materials are strongly dependent on the plastic deformation behaviour during pressing, which is governed mainly by die geometry (a channel angle È, corner angles É 15) and perform geometry), material properties (strength and hardening behaviour), 16, 17) and process variables (temperature, lubrication and deformation speed). 18) Because the evolution of microstructures and the mechanical properties of the deformed material are directly related to the history of plastic deformation, the understanding of the phenomenon associated with strain development is very important in the ECAP process.
Since there are so many variables in ECAP, it is clear that there is a need for modelling techniques which may permit a wider study of the effects observed for better process control and the understanding of process related phenomena. In this study, we describe a range of our continuum modelling results of the ECAP process in order to illustrate the modelling applicability. Firstly, the finite element results of ECAP modelling for various geometric factors are described. Secondly, the inhomogeneous deformation due to the hardening property of the material is explained. Lastly, modelling temperature as a typical process variable during the ECAP process is presented. Figure 1 shows the principle of ECAP, where two channels of equal cross-section intersect at an channel angle È. With reference to the workpiece, three perpendicular directions denoted as pressing direction, width direction and thickness direction, respectively, are introduced. The workpiece parts that flow near the inside corner (point A) and the outside corner (point B) of the die will be referred to as the inside part and the outside part, respectively. The deformation during ECAP occurs within the localized zone in the intersecting region of the two channels. The dashed region (fan-shaped area ABC) in Fig. 1 indicates a 'main deforming zone' (MDZ). ECAP involves large shear plastic deformation in the main deforming zone. Especially, if the die corner angle É is 0, deformation occurs in the immediate vicinity of the plane, i.e. the shear plane, lying at the intersection of the two channels.
ECAP and Finite Element Analysis
In a rectangular workpiece, the thickness direction is perpendicular to the width and length directions, so that the strain along the thickness direction is very small compared to those of the other directions, i.e. plane strain condition prevails. Therefore, the deformation during the ECAP process of rectangular specimens can be assumed to be two-dimensional in most cases; the finite element mesh system is shown in Fig. 1 . In order to investigate the effects of the geometry and material properties on the deformation behaviour of the workpiece during ECAP, isothermal twodimensional plane-strain finite element method (FEM) simulations for the ECAP process have been carried out using the commercial finite element codes, DEFORM 19) and ABAQUS. 20) The imaginary model material that exhibits perfect-plastic behavior was used in the calculations, in order to exclude the effect of strain hardening and strain rate on the deformation behavior and to make investigation into a pure geometric effect. A constant ram speed v ¼ 0:02 mmÁs À1 was imposed. The coefficient of friction between the die channel inside and the specimen was assumed to be zero, implying frictionless condition.
On the other hand, there are some situations where variations of quantities in the thickness direction cannot be ignored, such as friction, residual stress and temperature effects. Indeed, friction is the most important process variable which retards the flow of the surface material and results in high shear strain at the bottom region and lower shear strain at the top region of the workpiece. In these cases three dimensional analyses instead of two dimensional ones are necessary. For the investigation of the temperature coupled with stress fields, three dimensional FEM analysis using the commercial software, MSC.Superforge, 21) was used. The workpiece material used in the calculations was annealed pure copper. Because the stress-strain curve of the high strain range which is necessary for the FEM calculation of the SPD processes cannot be obtained by conventional experimental techniques, the flow curve of the pure copper was theoretically calculated up to large strains of 5 using the dislocation cell evolution model 22) which can describe the hardening behaviour of dislocation cell-forming crystalline materials at large strains.
Results and Discussion

Geometry effects
There are two controllable parameters in geometric factors in ECAP; i) die geometry which was well investigated both experimentally and theoretically using analytical and numerical methods and ii) workpiece geometry.
The most widely controlled geometric parameters are the channel angle È and the corner angle É of ECAP dies. Figure 2 is the calculated equivalent strain " generated in the workpiece after one pass based on the geometric analysis.
The effective strain during ECAP can decrease from the maximum of 1.15 to the minimum of 0.907 with changing the corner angle from É ¼ 0 to É ¼ 90 when the channel angle is fixed as È ¼ 90
. The strain is more sensitive to the corner angle than the channel angle. However, it should be noted that Fig. 2 and eq. (1) represent the average effective strain developed in the workpiece during the ECAP process not the local inhomogeneous strain distributions across the pressing and width directions. It should also be noted that the round die corner not only reduces the overall shear strain but also intensify the strain inhomogeneity. 24) Besides the control of the die geometries, the other effective way of reducing a pressing load and obtaining more homogeneous deformation in ECAP is to modify a perform shape, which is widely used in conventional metal forming processes, e.g. forging and sheet forming. Figure 3 shows three preform geometries tried, having different front shapes of workpieces. The predicted effective strain distributions (Fig. 4) corresponding to the three different preforms represent that the type (b) preform generates more uniform strain distribution within the workpiece. Although not shown here, the pressing load is less than the other two types due to the release of the initial transient loading step generated by the front part of the workpiece. The above result implies that there are many possibilities to control the deformation behaviour of materials during ECAP by simply combining the die and workpiece geometries. Process
Material effects
In order to investigate the effects of strain hardening and strain rate sensitivity of materials on the deformation during ECAP, non-hardening (perfect plastic) materials of n ¼ 0, strain hardening materials of n ¼ 0:5, strain rate insensitive materials of m ¼ 0, and rate sensitive materials of m ¼ 0:5 were considered.
15) The stress-strain curves for the model materials are expressed by ¼ " n _ " " m , where is flow stress, " is strain, _ " " is strain rate, n is work hardening exponent and m is strain rate sensitivity. The workpiece material used in the calculations was imaginary non-dimensional model materials with various strain hardening exponents and strain rate sensitivities. Examples of (nearly) non-hardening materials are peak-aged and overaged Al alloys with high dynamic recovery rate due to easy cross slip in the peak-aged and overaged matrix and fully pre-strained (e.g. pre-ECAP experienced) materials which show the saturation of the strength. The example for the strain rate sensitive materials may correspond to ECAP processing of materials at high temperatures. A constant ram speed v ¼ 1 mmÁs À1 was employed. Figure 5 shows the deformed geometries (flow net) for various materials of different material parameters n and m. In case of (a) the non-hardening and rate insensitive materials (n ¼ 0 and m ¼ 0), the deformed geometry represents almost ideal and homogeneous behavior within the workpiece. The workpiece flows along the die filling all the inside channel.
On the other hand, in case of (b) the strain hardening and rate insensitive materials (n ¼ 0:5, m ¼ 0), the corner gap between the die and the workpiece develops and the center part and the inner part of the workpiece are heavily sheared whereas the outer part appears to be much less sheared. The reason for the formation of die corner gap is due to the difference in developed stress; for the strain hardening materials, the inner part of the workpiece within the deforming zone, which receives more severe deformation, is much harder than the outer part of the deforming zone because of the large hardening exponent. The outer part of the workpiece, which receives lower deformation and therefore softer than the inner part within the deforming zone, can flow faster to the exit channel and the corner gap is formed. The presence of the less sheared region during ECAP is attributed to the flow path of the workpiece controlled by the die geometry; the outer part of the workpiece with corner gap or in a curved die moves shorter distance than that without corner gap in a sharp-angled die. Therefore, the flow curve does not make a straight line as in the non-hardening material but draws a curve towards the exit direction in the outer part. That is, the outside surface of the strain hardening workpiece goes through the shorter distance and the bottom surface of the final workpiece of the strain hardening materials would experience the lower shear deformation than that of the nonhardening workpiece. Since the die corner gap reduces the deformation strain especially in the outer part of the workpiece, it produces inhomogeneous deformation and should be avoided if possible. The strain rate sensitive (m ¼ 0:5) materials in Fig. 5(c) shows that the outer (bottom after pressed) part of the workpiece experiences more severe deformation and the inner (top after pressed) part of the workpiece shows less shear deformation. The upper channel gap instantly develops upon shearing of the billet from the vertical entrance channel to the horizontal exit channel. The strength near the inner corner increases rapidly due to the high strain rate sensitivity, which would tend to decrease the shear strain. This would result in the formation of the upper channel gap between the billet top and die exit channel, which has the same effect as increasing the die channel angle. The reaction force from the bottom wall would promote the bending of the billet, resulting in the formation of the lower channel gap between the billet bottom and the die.
Process variable effects
ECAP is conducted not only at a room temperature, but also at elevated temperatures. Although the former is usual because it can fully utilise the grain refining effect and strain hardening results, the latter may be important for difficult-towork alloys. The temperature change, due to a plastic work release, die chill and frictional heat between the die and the specimen, is important under both cold and hot working conditions, because a temperature rise can induce phase transformation and an alteration in grain structure, especially in the grain boundary structure.
3) These effects, in turn, can modify the flow stress of the workpiece material as well as other mechanical properties. According to a simple lumped heat transfer analysis, the temperature rise ÁT of the workpiece during ECAP can be expressed as follows. 20 )
where ", , m, , , C, V, A, Át and h denote the effective strain and the effective stress, the friction factor, the relative velocity between the die and the workpiece, the density of the material, its heat capacity, the volume of the calculation domain (i.e. main deforming zone), the outer surface area of the domain contacting the die, the dwell time of the domain within the deforming zone and the heat transfer coefficient between the workpiece and the die, respectively. Figure 6 shows a comparison of the calculated and the experimental 25) temperature increases for various materials with the ultimate tensile strength at various ram speeds, È ¼ 90 and É ¼ 45 using the above heat transfer analysis eq. (2). The temperature rise increases with the strength of the materials, if the other conditions are the same. The calculated line matches with the experimental temperature rise of Al and Al alloys well at both fast (18 mmÁs À1 ) and slow (0.18 mmÁs À1 ) conditions, in that the temperature rise increases linearly with the ultimate tensile strength. Although the average temperature rises in Al alloys are lower than 100 K, it can be over 150 K for copper which has a flow stress in excess of 400 MPa and the local temperature rise can be even higher than 200 K. This temperature rise can result in a recovery of the defect structure of the grain boundary and a sharp decrease of the internal stresses in Cu.
2) The temperature rise during ECAP can be even more serious for high strength materials such as Al5083 alloys.
Since the temperature change calculated by eq. (2) is an average value and the temperature in a real workpiece has some distributions (both within the deforming zone and rest of the workpiece), a detailed thermal history cannot be analysed using the lumped approach. Instead, a finite element analysis is necessary for sufficient information on the heat transfer responses of the workpiece during ECAP, considering the material's nonlinear behaviour, geometric factors, localised deformation and temperature behaviour, conduction and convection terms. For the numerical analysis, two dimensional simulations is not valid because heat flows through the die along the thickness direction. Figure 7 shows the temperature distribution in Al-3Mg predicted by the three dimensional analysis; ¼ ð82:54 þ 177:46Þ" 0:0421 MPa, 26) speed=18 mmÁs À1 . The temperature rise is about 70 K, which is comparable to the experimental 25) and analytical average Figure 8 , the thermal histories at several different points in the workpiece show that not only the heating time but also temperature rise is inhomogeneous; the temperature reaches a higher value in the rear region (e.g. point 5) than the front region (point 1) due to conduction heat from the hot front to the cold rear parts during ECAP.
Summary
In this study, in order to illustrate the modelling applicability, several results of the continuum approach of the ECAP process were described.
A finite element analysis was carried out and compared to the experimental geometries in order to investigate the effects of the geometric, material and process parameters on the plastic deformation behaviour of the workpiece during the ECAP process. A simple lumped heat transfer analysis, which ignores the temperature inhomogeneity of the workpiece, was done to investigate the temperature rise of the workpiece during ECAP. The temperature rise increases with the strength of the material, the ram speed and the channel angle, and decreases as the density, the heat capacity and the die corner angle increase. A three dimensional numerical investigation reveals that temperature is inhomogeneous in terms of time and temperature rise and the analytical solution is applicable.
Although the macroscopic continuum modelling approaches of ECAP result in successful outputs for a purpose of the process design, microscopic considerations, e.g. dislocation, texture, and microstructural evolution, are also necessary, and are underway. 
